The changes in the permeability properties of the rete capillaries of the eel in response to temperature shifts were studied during countercurrent perfusion at constant flow and pressure. Tracers and oxygen were added to the arterial perfusate. From applied to the microvasculature, changes in the hydraulic conductivity of single capillaries45 and capillary filtration coefficients in isolated organs6 have appeared reciprocal to changes in water viscosity. In the latter instance, it was concluded that the water pathway across the capillary wall was invariant with temperature. Few studies have addressed the effects of temperature change on the permeability of lipophilic solutes. The question of whether the lipid structure of the endothelial plasmalemma changes with temperature has also been raised. Such a change has been construed to occur in other lipid-containing structures when a sharp break or transition is observed in data relating the logarithm of permeability to the reciprocal of the absolute temperature. In a study seeking to examine this phenomenon, Cua et a17 used labeled antipyrine in multiple indicator dilution studies in dog and rat lungs and in an in vitro assessment of the permeability of cultured pulmonary endothelial cells. At normal body temperature, labeled antipyrine was found to penetrate the pulmonary endothelial cells and interstitium in a flowlimited fashion, with barrier-limited cell entry at the epithelial cell surface; however, at temperatures below 21°C, endothelial cell entry also became increas-
T emperature change has been used in the past as a means either to break the capillary barrier or to characterize its effects on capillary permeability. In general, when heat or cold injury has been induced by rapid change in temperature, a loss of barrier function to macromolecules has been observed. The morphological substratum for this effect has been thought to be an increased vesiculation of the plasma membrane in cold injury1 '2 and the appearance of occasional gaps between the endothelial cells in heat injury.3 When progressive rather than sudden change in temperature has been applied to the microvasculature, changes in the hydraulic conductivity of single capillaries45 and capillary filtration coefficients in isolated organs6 have appeared reciprocal to changes in water viscosity. In the latter instance, it was concluded that the water pathway across the capillary wall was invariant with temperature. Few studies have addressed the effects of temperature change on the permeability of lipophilic solutes. The question of whether the lipid structure of the endothelial plasmalemma changes with temperature has also been raised. Such a change has been construed to occur in other lipid-containing structures when a sharp break or transition is observed in data relating the logarithm of permeability to the reciprocal of the absolute temperature. In a study seeking to examine this phenomenon, Cua et a17 used labeled antipyrine in multiple indicator dilution studies in dog and rat lungs and in an in vitro assessment of the permeability of cultured pulmonary endothelial cells. At normal body temperature, labeled antipyrine was found to penetrate the pulmonary endothelial cells and interstitium in a flowlimited fashion, with barrier-limited cell entry at the epithelial cell surface; however, at temperatures below 21°C, endothelial cell entry also became increas-ingly barrier limited with decrease in temperature. Labeled water distribution remained flow limited at both surfaces over the whole temperature range. Slopes of the logarithm of permeability versus the reciprocal of absolute temperature were the same for cultured endothelial cells over the upper temperature range and for capillary permeability over the lower temperature range, in which it was determinable. A lack of distinct change in the lipid structure of the endothelial cells was inferred.8 Curry9 showed that the hydraulic conductivity in single capillaries examined at room temperature and at much lower temperatures changed in a fashion related to the increase in the viscosity of water at the lower temperature. He suggested that the result was compatible with a hydraulic flux principally through an unchanging extracellular rather than transcellular route. In most studies no morphological correlates have been reported.
In the past, we have developed the use of the capillaries of the rete mirabile to provide a general characterization of water and solute capillary permeability during countercurrent perfusion experiments.10-12 The simple measurement of input and output concentrations in this system during steady state allows for the simultaneous estimation of permeability coefficients for a variety of hydrophilic and lipophilic substances. In the present study, we have examined how change in temperature influences the passage across the capillaries of the rete of a variety of substances thought to use paracellular and cellular paths of transfer. The temperature range examined was that between 5°C and 35°C, which is the physiological range for the teleost eel. Changes were applied either abruptly or progressively. Permeability coefficients were measured for albumin, sucrose, sodium, water, antipyrine, and oxygen.
Materials and Methods
The rete mirabile, an organ made up exclusively of capillaries, was isolated from the swim bladder of eels previously captured from the St. Lawrence River and adapted to ambient freshwater temperatures of 20-25°C. The rete capillaries were countercurrent perfused with a Krebs-Ringer bicarbonate buffer (pH 7.4) containing 5 mM glucose and 4 g/100 ml bovine albumin (Sigma Chemical Co., St. Louis, Mo.; fraction V powder, 96-99% albumin, remainder globulins) through both arterial and venous feeding vessels, which had been catheterized at the cephalic and caudal poles, respectively. At the various temperatures selected for study, in vitro metabolic experiments were performed to characterize the energygenerating metabolic pathways of the organ, permeability studies were conducted, and morphological examinations were carried out to define any structural changes that could be related to the observed permeability changes.
In Vitro Metabolic Studies
When the two retia in each eel had been cleared of their blood by the perfusion, they were dissected free of the swim bladder. The capsular and vascular poles were removed, and the remaining capillary organs were cut into small clusters of filaments. Approximately equivalent amounts of capillary tissue (30 mg) were incubated for 2 hours in vials containing 1 ml of the perfusion buffer enriched with [`4C(U)]glucose.
Six incubations were carried out simultaneously at 5°C, 25°C, and 35°C in closed vials with a mixture of 95% 02-5% CO2 as a gas phase. Vials without capillary tissue served as controls. At the end of the incubations, the media in the closed vials were acidified and the generated carbon dioxide was trapped in a scoop filled with phenylethylamine. Glucose and lactate concentrations in the medium were measured by specific enzymatic techniques. Glucose oxidation to carbon dioxide was calculated by dividing the activity absorbed by phenylethylamine by the specific activity of [14C(U)]glucose in the medium at the start of the incubation. ATP yield was estimated from the stoichiometry of the reactions in which 1 mol glucose produces 2 mol ATP when converted to lactic acid and 38 mol ATP when oxidized through the Krebs cycle.
Perneability Studies
All perfusions were carried out in situ to avoid damage to the tissue, with a constant flow averaging 0.51+0.01 ml/min (mean+SEM) in the arterial and venous directions and at a constant pressure head of 45 ml H20. The wet weights of the retia averaged 200+14 mg. The medium at the arterial input contained combinations of the following radioactive tracers: human 1251-albumin ( In perfusion experiments designed to measure oxygen permeability, the medium delivered to the arterial input was continuously equilibrated with a gas mixture of 95% 02-5% CO2 to achieve a partial pressure of oxygen of approximately 400 mm Hg. At the venous input, the medium was partially equilibrated with a gas mixture consisting of 95% N2-5% C02; with this, its oxygen content was partially desaturated to an average oxygen partial pressure of 100 mm Hg. All tubings carrying the medium to the rete were coated with commercial Saran Wrap (Dow Chemical Co., Indianapolis, Ind.) to minimize oxygen losses. Even with the lowered Po2 in the venous medium, the capillaries of the rete were supplied with oxygen by the perfusion at a rate many times greater than required by their respiration. The ratio values V./A, for tracers not entering at the venous input and the corresponding ratio for oxygen provide an estimate of the ratio PS/F, the ratio of the permeability surface area product to flow for each tracer. To obtain an index of permeability directly from the plotted data, the ratio V'/AO was multiplied by 1S, where S was calculated by multiplying the weight of the rete (which can be obtained only at the end of the study) by the standard surface area estimate (1 cm2/mg wet wt). 10 The product V0 /A. x 1/S is, then, P/F, where F is the standardized flow in the system, 0.51 ml/min, and the dimensions of VO/A0 xl/S or P/F are in centimeters2. Permeability will be numerically about 0.51 times the ordinate value of VY/A,x 1/S when expressed in centimeters per minute and 0.51/60 or 0.0085 times this value when expressed in centimeters per second. Because flow F is maintained constant in this system and the surface area S can be presumed not to vary under these circumstances, change in the output rete concentration ratio V0/A, can be taken to reflect alterations in the permeability of the system. In the present study, we have used this ratio to track the change in permeability with time.
The equations developed for calculating permeability apply to a steady state, which often is not established in these experiments. On the other hand, because the half time for outflow response to change in input concentration is on the order of 1 minute10 and the rate of change in the outflow value for VO/A0xl/S or P/F is usually much less than this, calculated values will be approximately correct. They will be expected to provide, moreover, a good index of the pattern and rate of change of permeability.
Morphological Studies
Each eel has two symmetrical retia. Both were used when morphology was assessed. In each experiment, one rete was perfused for the permeability studies, while the other was removed for control morphological examination. For this examination, both the control and experimental retia were fixed by immersion in a 1% glutaraldehyde -0.1 M phosphate buffer solution and processed for electron microscopy as described in detail previously.10 Thin sections were cut, mounted on nickel grids, stained, and examined with a Philips 410 SL electron microscope. For morphometric evaluations of the vesicular system of the arterial endothelial cells, electron micrographs of the capillary walls were recorded and enlarged to a final magnification of x36,000. The volume density of the vesicular system was evaluated on control and experimental tissues by direct planimetry on the photomicrographs with the use of a Videoplan 2 digital image analysis system (Carl Zeiss, Toronto, Canada) in reference to the cellular volume (excluding nuclei profiles). Ten cross-sectioned capillary profiles were recorded for each control and each experimental rete. In addition, the size of the plasmalemmal vesicles from control and experimental tissues was measured on the photomicrographs and statistically analyzed (Student's t test). The size of 100 vesicles was analyzed for each control and each experimental rete. Six retia at raised temperature with their corresponding control retia and six retia at low temperature with their controls were examined.
Results

Metabolic Studies In Vitro
The effect of temperature on glucose uptake, lactate production, and glucose conversion to CO2 by isolated rete capillaries is shown in Table 1 . Glucose utilization increases with temperature with a step-up of ATP generation between 25°C and 35°C, which is accounted for by both glycolysis and glucose oxidation. At 5°C and 25°C, more than 95% of the energy produced is from glycolysis. At 37°C, glycolysis accounts for two thirds of the ATP yield and the Krebs cycle for the other one third.
Permeability Studies Figure 1 shows the raw experimental data for a representative example from the first set of experiments. The stability of the data over the baseline period of observation at 25°C is evident, together with patterns of change after the temperature was abruptly raised from 25°C to 35°C. Calculation of permeability values from the data for aggregated control periods at 25°C results in the set of data given in Table 2 and illustrated in Figure 2 . In a plot of permeability at 25°C (P25) versus diffusion coefficient at the corresponding temperature (D25), a line passing through the labeled albumin, sucrose, and 22Na values would correspond approximately to that previously established from albumin through inulin, 3-0-methyl-D-glucose, and urea and thought to represent the manner in which permeability is related to the diffusion coefficient for substances passing through the intercapillary barrier via a pathway presumed to be extracellular.10 In contrast, the values for water, oxygen, and antipyrine, which are expected also to pass through the whole of the cell surface,7,10'11 lie substantially above what would be the extrapolated upper end of the paracellular line.
We have previously reported that, for tracer studies of permeability during countercurrent perfusion, the ratio Vj/A,, which we are using to track permeability change with time, remained steady in studies at 25°C for the 3 hours over which it was tested.13 A similar stability was observed in random control experiments carried out during the current period (data not shown). The stability of the Vj/A, ratio indicates that, in the absence of experimental manipulation, the permeability of the rete capillaries is time independent. Figure 3 shows the results of experiments in which the perfusate temperature was sharply raised from 25°C to 35°C. These are the same experiments as shown in Figure 1 , but the ordinate is now proportional to the estimated permeability. The permeability of the arterial to venous capillary barrier to 1251-albumin, ['4C]sucrose, and 22Na rose significantly, little immediate evident morphological changes were detected in the capillary wall. Indeed, the capillaries were intact, no edema was found in the interstitial space or in the endothelial cells, and the junctions remained tight, sealing the capillary lumina with no evidence of leakage. In the venous capillaries, the endothelial fenestrations were still present with their diaphragms. In both experimental protocols, the vesicular system of the arterial endothelial cells appeared less developed. This was confirmed by the morphometric analysis, which demonstrated that, when compared with the corresponding controls, the experimental tissues showed a significant reduction in the volume density of the vesicular system (Table 3) . This is probably due to a decrease in the number of vesicles. Indeed, both in control and experimental conditions, the average diameter of the vesicles remained constant (Table 3 ) and no apparent edema was detected in the arterial endothelial cells. Finally, a similar qualitative effect on permeability was observed for labeled albumin when rapid temperature changes were applied in either direction. The permeability of the rete capillary barrier to`PI-albumin was increased both by warming the perfusate from 25°C to 35°C and by cooling it from 25°C to 5°C.
Permeability of the Rete at 25°C
We previously measured the permeability coefficient of the rete to a variety of solutes in experiments ordinarily conducted with perfusate at 25°C. In this new series of experiments, when data were pooled from control perfusions at 25°C, permeability coefficients for oxygen, [3H]water, "2Na, and "1'I-albumin approximated values already reported.10-'2 The values for oxygen and water indicate that their passage across the rete capillaries is barrier limited. The permeability values for albumin in our perfusions of the rete have been consistently larger than those expected if restricted diffusion were to take place. 15 The nature of the processes underlying the difference is not evident. Ordinary charge effects are unlikely to enhance albumin movement because we have shown that the permeability of a dextran sulfate fraction is lower than that of a neutral dextran fraction of matched diffusion coefficient.12 It is possible that albumin also participates in a special pathway, such as a vesicular transport mechanism, and we have indeed demonstrated the presence of albumin in the vesicular system of the rete arterial capillaries. 16 For the sake of convenience, we have labeled as a control period of observation the initial time during which the rete is perfused with medium at 25°C. This is indeed the average temperature of the water in the tanks where the eels are kept before their use. It is also the average room temperature of the laboratory where rete perfusion is carried out. From this control value of 25°C, the temperature of the medium was rapidly raised to 35°C or lowered to 5°C. Although the eel is perfectly capable of living at these extreme temperatures, and even beyond them, it only does so ordinarily by adaptation to stepwise changes of water temperature. The abrupt changes of temperature induced in our study, although within the range compatible with life, would probably be pathological for the whole eel. For the capillary tissue, however, respiration and energy production are measurable at 50C, 250C, and 35°C, and the morphological features do not indicate structural cell damage or anomalies in junction morphology. It is therefore reasonable to presume that, in our experimental conditions, the permeability effects of the temperature changes are the result of a physiological change with no detectable morphological correlate.
When the temperature of the perfusate is raised from 25°C to 350C (Figure 3) , there is a very rapid and important activation of the path of transport of 22Na and ['4C]sucrose. These tracers are both presumed to cross capillary endothelial barriers through the intercellular junctions, which would account for their similar behavior. The temperature effect on these tracers considerably exceeds that which could be accounted for by a mere decrease in water viscosity, indicating that more complex phenomena than changes in passive diffusion through water-filled pores are taking place. The nature of the change is not evident, but it likely involves a change in the molecular mechanisms forming linkages between the endothelial cells.
The passage of`1P-albumin is also concomitantly increased, although the temperature effect is delayed with respect to that observed for`Na and ['4C]sucrose. The delay in the change in albumin permeability and its increasingly steep slope at the end of the observation period appear to indicate quite a different mechanism from that available for sodium and sucrose. The morphological substratum for the passage of albumin across the capillary wall remains controversial. With respect to the hypothesis of vesicular transport, we observed a diminution of vesicles at 35°C in comparison with 25°C. However, vesicular activation could be induced with the temperature rise. This would require energy, and our metabolic studies indeed demonstrate a considerable increment of ATP yield at 35°C. If vesicular transport were a major component of the albumin pathway across the capillary endothelium, one would expect inhibition at lower temperatures, when the respiration of the tissue is considerably reduced. We have found the opposite. It is more plausible, therefore, that at 35°C, albumin, sodium, and sucrose share to a great extent the same interendothelial path, functionally enlarged.
In the same series of experiments, the passage of water exchange on cooling to 5°C, correspond to the above findings, and all can be interpreted to indicate that changes in membrane lipids at the lower temperature underlie the experimental findings. The lack of a commonality of behavior with oxygen suggests that, for this, a predominantly different pathway is used, likely a lipid pathway. The suggestion is reinforced by the much higher lipid solubility of oxygen. The distribution ratio between cottonseed oil and water at 37°C is 5: 1.21 One might infer that oxygen likely penetrates the whole endothelial surface. Probes such as methyl antipyrine or iodoantipyrine, which are more lipid soluble than antipyrine, may behave more like oxygen during rapid cooling.
For sucrose and sodium, the intercellular path of transport is remarkably cold insensitive. In striking contrast is the increased permeability to 'I-albumin.
The discrepancy between the sodium and sucrose lack of response to low temperature and the stimulation of albumin transport indicates that the pathway of albumin transport is not entirely through the interendothelial junction. Cryogenic injury in cerebral and peripheral nerve capillaries induces a leakage of albumin from the vascular to the extravascular space, by stimulation of endocytosis and focal opening of endothelial tight junctions.2,22 In our experiments, perfusion of the capillaries with a cold medium increased the permeability to albumin without visible cellular lesions, junctional openings, or interstitial edema.
Reversibility of the Temperature Effects
Temperature and osmolality changes have been used to break capillary barriers in the past to either explore mechanisms of molecular transport or gain temporary access to tissues for otherwise impermeant therapeutic agents. The latter feat requires that the breakdown of the microvascular barrier be reversible. We have explored with the rete capillaries the reversibility of the functional alterations induced by rapid warming of the rete to 35°C, followed by rapid cooling of the perfusate to the baseline temperature of 25°C ( Figure 5 ). At 35°C, the V,/A,x 1/S values for '5I-albumin, ['4C]sucrose, and 22Na were found to rise continuously and then on abrupt return to 25°C were rapidly stabilized but did not decrease to expected levels. The functional lesions created by warming were thus arrested in their progression but not reversed. A more complete reversal was achieved in perfusions in which the temperature was changed in a more gradual manner (Figure 7 ). The permeability effect associated with the gradual temperature change was smaller; it was evidently associated with a greater degree of preservation of the integrity of the I-albumin pathway of transport. When the temperature of the perfusate was brought up rapidly from 5°C to 25°C (Figure 6) , plateau values were obtained at 5°C for all the substances tested, contrary to the non-steady-state changes observed for some tracers at 35°C. The sudden 20°C jump in temperature had little impact on the V1/AO ratios. These rose slightly for [`4C]sucrose, 22Na, [14C]antipyrine, and [3H]water in a fashion compatible with a low activation energy for the diffusion process.
Conclusions
The findings show characteristic changes in permeability when the temperature is raised or lowered from the ambient temperature to which the eels are adapted. Raising the temperature results in an increased permeation of sucrose and sodium, which are characteristic paracellular labels. The increment in permeability is smaller and reversible with stepwise change, but larger and irreversible with sudden change. Lowering the temperature, in contrast, results in a reversible decrease in the permeability of the capillaries to labeled water and antipyrine, more or less proportional to the decrease in the viscosity of water, but no change in the permeability for sucrose and sodium. These are the characteristic changes. Increased permeation of albumin occurs in either direction, but only with rapid change in temperature. The lack of parallelism with changes in the permeation of sodium and sucrose with drop in temperature suggests some separation in pathways over that range.
